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a  b  s  t r  a  c  t
Hydroxyapatite  (HAp) samples  were  synthesized  by a solution  reaction  method  followed  by heat-
treatments  at three  different  temperatures.  Special  attention  was  given  to optimizing  the  processing
parameters  to obtain  the  chemical  composition  near  to  the  stoichiometry  of  HAp.  No  trace  of  secondary
crystalline  phase  was  found  from  powder  X-ray  diffraction  in  all samples.  X-ray  ﬂuorescence  measure-
ments  found  that  the  Ca/P  ratio was 1.68 ±  0.02,  which  is  close  to the  stoichiometry  of HAp,  i.e.,  1.67.eywords:
ydroxyapatite
rain size
toichiometry
issolution rate
ytotoxicity
Electron  microscope  observations  revealed  that  the  grain  size  was  uniform  within  a sample,  which  was
dependent  on the heat  treatment  temperature.  Dissolution  rates  in acid  solution  and  cytotoxicity  of
the  samples  were  measured.  Tendency  to decrease  both  the  dissolution  rates  and the  cytotoxicity  with
increasing  crystallite  size  was  observed.  After  heat-treatment  at 1000 ◦C,  the cytotoxicity  of the  sample
was  found  to be minimal,  which  had  uniaxial  and  faceted  grains  with  a mean  diameter  of  200  nm.
© 2014  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.
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d. Introduction
Hydroxyapatite (HAp, Ca5(PO4)3OH) is a main inorganic
omponent of human bones and teeth. HAp is used as a main
omponent or a surface coating of artiﬁcial bones and implant
aterials because of its biological compatibility. HAp in the human
ody contains various kinds of atomic scale defects, such as Ca
acancies, OH vacancies, excess protons and other trace impurities,
hich strongly affect its biological properties [1,2]. Among trace
mpurities, Zn is known to activate osteoblasts and promote bone
ormation [3,4]. A molar ratio of Ca to P in HAp is known to affect
issolution rates of HAp into acid solutions and the biological∗ Corresponding author. Tel.: +81 757535435.
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oroperties [5]. Although ﬁrst principal studies on defects and
olute atoms in HAp have been systematically made [6–9], roles
f such atomic scale defects are mostly unknown by experiment.
In order to elucidate defect-related mechanisms behind proper-
ies of HAp by experiments, it is essential to have a series of model
amples of HAp. There are many synthesis methods of HAp: solu-
ion reaction method [10–12], solid state reaction method [13,14],
ydrothermal method [15,16], sol–gel method [17], etc. Among
hem, a solution reaction method can synthesize HAp at low tem-
eratures close to a body temperature. This is a great advantage in
imicking biological HAp with low crystallinity involved in tooth
entines and bones that is naturally formed in the human body.
Many works have reported biological properties of synthesized
Ap [3–5,18,19]. Although biological and other properties were
nvestigated in some detail, little attention has been paid to the
agnitude of the off-stoichiometry of samples synthesized by a
olution reaction method. Consequently, the roles of atomic scale
efects on the properties have not been clearly revealed.
The present study aims for the synthesis of undoped HAp with
 stoichiometric composition (Ca/P = 1.67) and the measurement
f biological properties of samples. Heat-treatment is employed
o obtain samples with different crystallite sizes. Their dissolution
ates into acid solutions and cytotoxicity are comparatively exam-
ned. This should provide a good starting point for further studies
n more complicated HAp issues by experimental methods.
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. Experimental procedure
.1. Sample preparation
HAp samples were synthesized by a solution reaction method
sing 0.1 mol/L Ca(NO3)2·4H2O and 0.1 mol/L (NH4)2HPO4 solu-
ions. A series of preliminary experiments found that crystallinity
nd chemical compositions of products were dependent on many
actors, such as mixing ratios of the two starting solutions, solution-
eaction temperature, maturation time and solution pH value.
nder our optimized conditions, the phosphate solution was
oured into the calcium solution and stirred for 5 h at 80 ◦C under
n argon atmosphere to prevent carbonate ions from being mixed
nto the samples. The solution pH was kept at 10 using 5 mol/L KOH
olution. After the maturation, the powders thus obtained were ﬁl-
ered, washed by ultrapure water, and dried at 50 ◦C for 24 h. Then,
ome of the samples were heat-treated for 3 h at 500 and 1000 ◦C.
Phase contents of samples were analyzed by X-ray diffraction
XRD) method using the Rigaku Ultra IV (Rigaku) and Cu-K radi-
tion. X-ray ﬂuorescence analysis (XRF) by EDX-800 (Shimadzu)
ith Rh target was used to examine the chemical composition.
icrostructures of the samples were observed by scanning elec-
ron microscopy (SEM) and transmission electron microscopy
TEM) using S-800 (Hitachi High-Technologies) and JEM-2010HC
JEOL), respectively. TEM samples were prepared by evaporation
f methanol suspension with HAp samples.
.2. Property characterization
Dissolution rates into acid solution were investigated by immer-
ion of the samples in 0.08 mol/L CH3COOH–CH3COONa buffer
olution at pH = 5.5. Samples were pelletized and put into 50 mL  of
he buffer solution at 37 ◦C for 2, 7 and 14 days. After the immersion,
he samples were dried at 50 ◦C for 24 h. The amount of dissolution
as determined by weighing samples before and after the immer-
ion. The dissolution experiments were performed for three times
t each condition.
Cytotoxicity of HAp samples was examined in the following
ay. MDA-MB-231 cells procured from Prof. Hisataka Sabe (Osaka
ioscience Institute) were cultured in Dulbecco’s modiﬁed Eagle
edium containing 10% fetal bovine serum at 37 ◦C under an atmo-
phere of 5% CO2. The cells (1.0 × 104 cells) were incubated for
 day in 48-well plates. Then, 300 L of HAp sample dispersions
t
r
s
s
ig. 1. (a) XRD patterns (Cu-K) of stoichiometric HAp samples (supplied mixing ratio of 
b)  XRD patterns of HAp samples heat-treated at 1000 ◦C with several mixing ratio of Ca/P
f  Ca/P = 1.67 and 2.00, respectively.amic Societies 2 (2014) 64–67 65
n culture medium (1 mg/mL) was  added to the cells. After 72-
 incubation, the fraction of surviving cells was  evaluated using
 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
ssay [20]. Before the measurement of the absorbance at 490 nm
sing a multiplate reader (Thermo Multiskan spectrum reader,
hermo Scientiﬁc), centrifugation (3000 rpm, 20 ◦C, 60 min) was
erformed to remove the insoluble part of HAp samples. The exper-
ments were performed three times for each sample.
. Results and discussion
.1. Characterization of HAp
Fig. 1a shows XRD patterns of HAp samples after drying at 50 ◦C
nd subsequently heat-treated at 500 and 1000 ◦C. These samples
ere obtained by the solution reaction method using two  starting
olutions with the mixing ratio of Ca/P = 2.00. All diffraction peaks
an be assigned to those of HAp, implying the absence of secondary
hases. The samples showed Ca/P ratios of 1.68 ± 0.02 by XRF com-
osition analyses, which indicate the formation of stoichiometric
Ap. Similar synthesis experiments were made by varying the
ixing Ca/P ratio of the two starting solutions from 1.50 to 2.50.
ig. 1b shows XRD patterns of HAp samples heat-treated at 1000 ◦C
ith three mixing ratios of Ca/P. When the mixing Ca/P ratio is
maller than 1.90, formation of -tricalcium phosphate (-TCP)
as detected after the heat-treatment at 1000 ◦C, as clearly seen
n Fig. 1b for the case of Ca/P = 1.67. It has been established that
-TCP with Ca/P = 1.50 appears when the overall Ca/P content is
maller than the stoichiometric ratio of HAp, Ca/P = 1.67 [21]. The
resence of -TCP is evident only after the heat-treatment of the
orresponding samples at 1000 ◦C, since the low Ca/P ratio may  be
ccommodated in the defective HAp formed at temperatures lower
han 500 ◦C. The reason for the lower Ca/P ratio in the synthesis
roduct than that in the supplied mixing ratio may be ascribed to
esidual Ca ions in the aqueous solution during the solution reac-
ion process, which are disposed of after the process. On the other
and, when the mixing Ca/P ratio in the initial solutions is larger
han 2.00, formation of CaO was  detected after the heat-treatment
t 1000 ◦C as seen in Fig. 1b for the case of Ca/P = 2.50, implying
he presence of excessive Ca in the samples. According to these
esults, it can be said that a ration of Ca/P = 2.00 for the starting
olutions is optimum for the preparation of stoichiometric HAp
amples.
Ca/P = 2.00) treated at three temperatures. All peaks can be assigned to HAp crystal.
. Additional peaks of -TCP and CaO are detected on the samples with mixing ratio
66 K. Shitara et al. / Journal of Asian Ceramic Societies 2 (2014) 64–67
Fig. 2. SEM images of three stoichiometric samples.
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ples. It is clear that the cell viability increases, i.e., the cytotoxicity
decreases with increasing the heat-treatment temperature. At least
two factors should play roles for the cell viability. One is the grainFig. 3. TEM images of three stoichiometric samples. Note that the m
Fig. 2 shows SEM images of the samples with the stoichiomet-
ic composition. Grain sizes are almost uniform in each sample,
nd tend to be larger with increasing heat-treatment tempera-
ure. Signiﬁcant grain growth and some necking of grains can be
een after heat-treatment at 1000 ◦C. Fig. 3 shows TEM images of
hree samples. Shapes of individual grains can be clearly observed.
fter the 50 ◦C-treatment, they exhibit elongated shapes which are
pproximately 30 nm in length and 5 nm in diameter with irregular
urfaces. After the heat-treatment at 500 ◦C their length and diam-
ter became approximately 40 nm and 10 nm,  respectively. The
urface of grains becomes smooth after the 500 ◦C-treatment. After
he heat-treatment at 1000 ◦C, grains become uniaxial and faceted
ith a mean diameter of 200 nm.  Both the grain size and surface
orphology are expected to affect the biological properties, as dis-
ussed in the following section.
.2. Dissolution rate and cytotoxicity
Fig. 4 shows fraction of the dissolution of each sample after
mmersion in 0.08 mol/L CH3COOH–CH3COONa buffer solution
ith pH = 5.5. The dissolution rate decreases with increasing heat-
reatment temperature. As described in the previous section, the
rain size increases with rising heat-treatment temperature. It is
atural that the dissolution rate decreases with the grain size. The
rain growth is most signiﬁcant after the heat-treatment at 1000 ◦C.
owever, the dissolution rate is not remarkably different between
he 500 and 1000 ◦C-treated samples compared to the difference
etween 50 and 500 ◦C-treated samples. This implies that factors
ther than the grain size play important roles for determining the
issolution rate. Micrographs in Fig. 3 show that the surface of the
rains are irregular only in the 50 ◦C-treated sample, indicating the Fation for the 1000 ◦C-treated sample is different by a factor of 1/10.
resence of a higher energy surface with a larger surface area. The
urface morphology changes after the heat-treatment at 500 ◦C,
hich could be the reason for the higher dissolution rate in the
0 ◦C-treated sample. It may  be interesting to perform a detailed
nalysis considering the dependence of dissolution rate on surface
lane populations, surface states and other factors necessary for
urther discussion.
Fig. 5 shows the results of cytotoxicity assay of three sam-ig. 4. Results of dissolution experiments of three samples in an acid solution.
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[ig. 5. Results of cytotoxicity experiments of three samples with MDA-MB-231
ells.
ize and the other is their chemical stability. The cytotoxicity may
ncrease with decreasing the grain size, since cellular inﬂammatory
eaction is generally enhanced by endocytosis when the particle
ize decreases in the range of 100 nm [22]. The cytotoxicity may
lso be affected by the chemical stability of grains. Samples with
igher dissolution rate in the acid solutions may  increase the cyto-
oxicity. The 50 ◦C-treated sample has the smallest size and highest
issolution rate, which could be the reason for the highest cytotox-
city. On the other hand, the reason for the lowest cytotoxicity in
he 1000 ◦C-treated sample can be ascribed to the largest grain size
ith a mean diameter of 200 nm and the lowest dissolution rate.
. Summary
HAp samples with nearly stoichiometric composition were
ynthesized by the solution reaction method followed by heat-
reatments at three different temperatures, 50, 500 and 1000 ◦C.
he major results can be summarized as follows:
1) By optimizing processing parameters, samples became nearly
stoichiometric. No secondary crystalline phase was found by
XRD. The Ca/P ratio by XRF was 1.68 ± 0.02, which is close to
the stoichiometry of HAp, i.e., 1.67.
2) SEM and TEM observations showed that grain sizes and shapes
in the samples were uniform and dependent only on the heat-
treatment temperature.
3) The tendency for both of the dissolution rate and the cytotox-
icity to decrease with increasing crystallite size was observed.
[
[amic Societies 2 (2014) 64–67 67
4) The sample treated at 50 ◦C showed the highest dissolution
rate in acid solutions and the highest cytotoxicity. This can be
ascribed to the smallest grain size as well as irregular surface
morphology.
5) After the heat-treatment at 1000 ◦C, the cytotoxicity of the sam-
ple was  minimal. The sample has uniaxial and faceted grains
with mean diameter of 200 nm.
cknowledgements
This study was supported by a Grant-in-Aid for Scien-
iﬁc Research on Innovative Areas “Nano Informatics” (grant
umbers 25106002 and 25106005), the one (B) from Japan
ociety for the Promotion of Science (JSPS), and Element Sci-
nce Project from the Ministry of Education, Culture, Sports and
echnology (MEXT) of Japan. KS and HM acknowledge Grant-in-Aid
or JSPS Fellows (grant numbers 10J01264 and 12J02608) and JSPS
ellowships.
eferences
[1] J.C. Elliott, Structure and Chemistry of the Apatites and Other Calcium
Orthophosphates, Elsevier, Amsterdam (1994).
[2] E. Boanini, M.  Gazzano and A. Bigi, Acta Biomater., 6, 1882–1894 (2010).
[3] B.S. Moonga and D.W. Dempster, J. Bone Miner. Res., 10, 453–457 (1995).
[4] H. Kawamura, A. Ito, S. Miyakawa, P. Layrolle, K. Ojima and N. Ichinose,
J.  Biomed. Mater. Res., 50, 184–190 (2000).
[5] M.  Okazaki, T. Aoba, Y. Doi, J. Takahashi and Y. Morikawa, J. Osaka Univ. Dent.
Sch., 19, 87–93 (1979).
[6] K. Matsunaga, J. Am. Ceram. Soc., 93, 1–14 (2010).
[7] K. Matsunaga, H. Inamori and H. Murata, Phys. Rev. B, 78, 1–8 (2008).
[8] H. Murata, K. Shitara, I. Tanaka, A. Nakahira, T. Mizoguchi and K. Matsunaga,
J.  Phys.: Condens. Matter, 22, 384213 (2010).
[9] K. Matsunaga, H. Murata, T. Mizoguchi and A. Nakahira, Acta Biomater., 6,
2289–2293 (2010).
10] E.P. Egan Jr., Z.T. Wakeﬁeld and K.L. Elmore, J. Am.  Chem. Soc., 72, 2418–2421
(1950).
11] R.A. Young and D.W. Holcomb, Calcif. Tissue Int., 34, (Suppl. 2) S17–S32 (1982).
12] P.W. Brown, N.  Hocker and S. Hoyle, J. Am.  Ceram. Soc., 74, 1848–1854 (1991).
13] R. Wallaeys, Ann. Chim., 7, 808–848 (1952).
14] R.R. Rao, H.N. Roopa and T.S. Kannan, J. Mater. Sci. Mater. Med., 8, 511–518
(1997).
15] A. Perloff and A.S. Posner, Science, 124, 583–584 (1956).
16] K. Ioku, M.  Yoshimura and S. Somiya, Nippon Kagaku Kaishi, 9, 1965–1970
(1988).
17] P. Layrolle, A. Ito and T. Tateishi, J. Am. Ceram. Soc., 81, 1421–1428 (1998).
18] R. Correia and M.  Magalhaes, J. Mater. Sci. Mater. Med., 7, 501–505 (1996).
19] A.J. Ambard and L. Mueninghoff, J. Prosthodont., 15, 321–328 (2006).
20] C. Kojima, T. Suehiro, K. Watanabe, M.  Ogawa, A. Fukuhara, E. Nishisaka,
A.  Harada, K. Kono, T. Inui and Y. Magata, Acta Biomater., 9, 5673–5680
(2013).
21] S. Raynaud, E. Champion, D. Bernache-Assollant and J. Laval, J. Am. Ceram. Soc.,
84, 359–366 (2001).
22] A.E. Nel, L. Mädler, D. Velegol, T. Xia, E.M.V. Hoek, P. Somasundaran, F. Klaessig,
V.  Castranova and M.  Thompson, Nat. Mater., 8, 543–557 (2009).
